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Abstract
Background: JWH015 is a cannabinoid (CB) receptor type 2 agonist that produces immunomodulatory effects. Since skin
cells play a key role in inflammatory conditions and tissue repair, we investigated the ability of JWH015 to promote an antiinflammatory and pro-wound healing phenotype in human primary skin cells.
Methods: Human primary keratinocytes and fibroblasts were stimulated with lipopolysaccharide. The mRNA expression of
cannabinoid receptors was determined using RT-PCR. The effects of JWH015 (0.05, 0.1, 0.5, and 1 mM) in pro- and antiinflammatory factors were tested in lipopolysaccharide-stimulated cells. A scratch assay, using a co-culture of keratinocytes
and fibroblasts, was used to test the effects of JWH015 in wound healing. In addition, the topical and transdermal penetration
of JWH015 was studied in Franz diffusion cells using porcine skin and LC-MS.
Results: The expression of CB1 and CB2 receptors (mRNA) and the production of pro- and anti-inflammatory factors
enhanced in keratinocytes and fibroblasts following lipopolysaccharide stimulation. JWH015 reduced the concentration of
major pro-inflammatory factors (IL-6 and MCP-1) and increased the concentration of a major anti-inflammatory factor (TGFb) in lipopolysaccharide-stimulated cells. JWH015 induced a faster scratch gap closure. These JWH015’seffects were mainly
modulated through both CB1 and CB2 receptors. Topically administered JWH015 was mostly retained in the skin and
displayed a sustained and low level of transdermal permeation.
Conclusions: Our findings suggest that targeting keratinocytes and fibroblasts with cannabinoid drugs could represent a
therapeutic strategy to resolve peripheral inflammation and promote tissue repair.
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Introduction
Tissue damage (i.e. surgeries, autoimmune conditions,
chemotherapy, diabetes, herpes infections, etc.) triggers
an inﬂammatory process that could result in chronic
wounds, ulcers, irritation, pruritus, neuropathies or even
sensitization of peripheral nociceptors, allodynia, and
hyperalgesia.1 Persistent peripheral inﬂammatory processes could subsequently induce changes in the central
nervous system if they do not resolve in a timely fashion,
as observed in major surgeries, rheumatoid arthritis,
chemotherapy-induced neuropathy, diabetic peripheral
neuropathy, and post-herpetic neuralgia. Therefore, a persistent peripheral inﬂammatory condition may result not

only in chronic peripheral tissue damage but also in
chronic pain.2 Current available therapies for chronic
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pain with prominent peripheral pathologic mechanisms
act mostly in the central nervous system (antidepressants
and anticonvulsants, cannabinoids, etc.), which not only
induce many undesirable side eﬀects but also provide partial relief only in a sub-population of patients.3,4
Pre-clinical models of inﬂammatory neuropathy have
shown that targeting the peripheral source of inﬂammation (using clonidine) reduces pain-related behaviors in
rats.5–7 In clinical studies, the peripheral administration
of clonidine reduces pain in patients with diabetic neuropathy.8,9 Likewise, an 8% capsaicin patch is part of the
current available arsenal to treat post-herpetic neuralgia.10,11 These data provide a compelling argument in
favor of peripherally directed therapies for the treatment
of chronic pain with a predominant peripheral origin.
The major advantage of these therapeutic strategies
is the avoidance of central penetration to retain a desirable eﬀect restricted to the periphery (i.e. topical drug
administration and drugs that act on peripherally
restricted targets), which will reduce central undesirable
side eﬀects (sedation, respiratory depression, paranoia,
tolerance, etc.).
Due to the eﬃcacy of cannabis in some types of chronic
pain conditions,12 synthetic cannabinoid molecules have
been extensively studied in pre-clinical models with signiﬁcant ﬁndings.13,14 Even though cannabinoids could bind
to diﬀerent receptors (i.e. TRP channels, PPARs, GPR55,
etc.), the eﬀects of cannabis or other cannabinoids are
mostly due to their actions on cannabinoid (CB) receptors
type 1 (CB1), located mostly in the central nervous
system, and CB receptors type 2 (CB2), located mostly
in the periphery.15,16 The major limitation of non-selective
cannabinoids is their psychotropic side eﬀects that depend
upon central CB1 receptor activation.17 Therefore, targeting peripheral CB1 receptors for the treatment of pain
seems a safer pharmacological approach. Since CB2
receptors are predominantly expressed in the periphery
(immune cells) and the central nervous system in nonneuronal cells (microglia), they represent attractive targets
for the treatment of chronic pain. In fact, they are devoid
of the classic cannabinoid psychotropic side eﬀects (sedation, motor impairment, catalepsy, etc.) while possessing
antinociceptive eﬀects in rodent models even when administered intrathecally.18,19 Based on preclinical models, the
major mechanism of action of CB2 receptor agonists is
the regulation of immune and inﬂammatory eﬀectors to
promote a homeostatic local milieu. Therefore, the use of
selective CB2 agonists to target peripherally restricted cells
would eﬀectively modulate pro-nociceptive and proinﬂammatory eﬀectors that could result in the treatment
of local inﬂammation, promote tissue repair, and therefore
prevent the development of chronic ulcers or chronic pain.
Immune cells have shown to be valid targets for
the modulation of the local immune response in inﬂammatory conditions since they are the major sources of
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inﬂammatory products, and they express CB2 receptors.
However, inﬂammation is a dynamic and complex process in which various types of immune cells act diﬀerently and at diﬀerent times of the process.20 This rather
ever-changing inﬂammatory milieu could represent a
challenge for the identiﬁcation of the proper time
window and the speciﬁc cell target to develop appropriate therapeutic approaches.
Peripheral cells, such as skin cells, not only have structural purposes but also play a critical role in the modulation of inﬂammation, tissue repair, and pain. For
example, it has been demonstrated that keratinocytes
are capable of evoking neuronal ﬁring by the production
of neuroactivators which could result in neuroinﬂammatory states or pain.21 On the other hand, it has been
shown that keratinocytes release b-endorphins via CB2
receptors, which results in the reduction of pain-related
behaviors or endothelin-B receptor activation.22 The
external injection of a pro-algesic factor such as substance P into the rat hind paw induces an increase of
nerve growth factor (NGF) in epidermal keratinocytes,
which also increases the neuronal hyperexcitability.23
Moreover, keratinocyte biopsies from human subjects
with painful conditions such as complex regional pain
syndrome type 1 (CRPS) or post-herpetic neuralgia
showed a greater expression of sodium channels, which
may contribute to the promotion and maintenance of
pain.24 Fibroblasts also play a role in pain, tissue repair,
or inﬂammation. In rheumatoid arthritis, they promote
leukocyte inﬁltration into the joints.25 Moreover, an
impairment in ﬁbroblast growth can impair the proper
wound closure.26 Fibroblasts are also important in the
transition from acute to chronic inﬂammation.27,28 Due
to the prominent role of keratinocytes and ﬁbroblasts in
inﬂammation, wound healing, and pain disorders, they
are suitable targets as ﬁrst responders of the inﬂammatory
cascade following tissue damage. Since these skin cells
express CB2 receptors,29,30 they represent ideal targets
for selective CB2 receptor agonists for inﬂammatory
conditions.31
We hypothesize that the preferential activation of
CB2 receptors will promote an anti-inﬂammatory phenotype in human primary keratinocytes and ﬁbroblasts. To
test our hypothesis, we ﬁrst determined the suitability of
keratinocytes and ﬁbroblasts stimulated with lipopolysaccharide (LPS) to be treated with a CB2 receptor agonist by determining the expression of CB1 and CB2
receptors; second, we studied the immune capabilities
of these cells by measuring production of pro- and
anti-inﬂammatory eﬀectors upon LPS stimulation;
third, we studied the anti-inﬂammatory eﬀects of
JWH015 ((2-Methyl-1-propyl-1H-indol-3-yl)-1-naphthalenylmethanone), a preferential CB2 receptor agonist, in
these cells by measuring its eﬀects on the production of
pro- and anti-inﬂammatory products; fourth, we tested
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the CB2 receptor speciﬁcity of JWH015’s eﬀects by using
AM630 or AM281 (selective CB2 and CB1 receptor
antagonists/inverse agonists, respectively); ﬁfth, we studied the potential eﬀects of JWH015 in tissue repair by
measuring wound healing capabilities of keratinocytes
and ﬁbroblasts using an in vitro scratch assay; and
sixth, we determine the suitability of JWH015 to reach
keratinocytes and ﬁbroblasts when applied to the skin by
measuring its topical and transdermal penetration in an
ex vivo model.

Materials and methods
Cell culture
Human primary dermal ﬁbroblasts (ﬁbroblasts) were
cultured in Dublecco’s Modiﬁed Eagle Medium F12
medium (DMEM-F12, 1) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin
(Gibco-Life Technologies, Grand Island, NY). Human
primary epidermal keratinocytes (keratinocytes) were
cultured in Dermal Cell Basal Medium supplemented
with a keratinocyte growth kit that contained 0.4%
(v/v) bovine pituitary extract, recombinant human
tumor necrosis growth factor alpha (0.5 ng/mL), L-glutamine (6 mM), hydrocortisone hemisuccinate (100 ng/
mL), recombinant human insulin (5 mg/mL), epinephrine
(1 mM), and apo-transferrin (5 mg/mL) (Keratinocyte
growth kit, ATCC, Manassas, VA). Keratinocytes or
ﬁbroblasts were generously gifted by Dr. Kim Creek
(University of South Carolina, Columbia). These cells
were obtained from human neonatal foreskin following
circumcision from tissue that is routinely discarded with
no protected health information linked to these samples
and under the IRB protocol PHA IRB #2008-10
(Palmetto Health Institutional Review Board). Both
cell types were plated in 75 cm2 tissue ﬂasks and incubated at 37 C in a 5% CO2 atmosphere throughout the
experiment. Media were changed every four to ﬁve days.
We ceased use of cells after three passages. Cells were
used when 100% conﬂuence was reached. Cells were
detached by adding 8 mL of trypsin/ethylenediaminetetraacetic acid (EDTA) to the ﬂask for 5 min and incubated at 37 C in a 5% CO2. The reaction was stopped
with 500 mL of non-diluted FBS. Cells were counted and
plated at the following concentrations: 100,000 cells/mL/
well for keratinocytes when cultured alone and 100,000
cells/mL/well for ﬁbroblasts when cultured alone. For
scratch assays, cells were plated together in a co-culture
containing 50,000 cells/mL of ﬁbroblasts and 50,000
cells/mL of keratinocytes. Subsequently, the cells were
incubated for 24 h in all cases before the addition of
LPS stimulation and/or any pharmacological treatment.
At this point, the media were changed and LPS was
added with or without any pharmacological treatment,
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depending on the experimental paradigm. Each cell culture/experiment was performed using cells from one or
two diﬀerent independent donors. We performed the following experimental paradigms.
Experimental paradigm 1. This experiment was conducted
to determine the time course of cytokine secretion by
keratinocytes or ﬁbroblasts after a challenge with LPS.
Keratinocytes were stimulated with 10 mg/mL LPS, and
ﬁbroblasts were stimulated with 5 mg/mL LPS. LPS and
its concentration were chosen, based on the literature
and on our previous pilot experiments, in order to stimulate the cells.32,33 LPS was dissolved in sterile distilled
water (Escherichia coli O111:B4; Sigma Aldrich, St.
Louis, MO). Supernatants were collected at 4, 24, 48,
72 and 96 h following the LPS challenge. Supernatants
under these conditions were frozen at 80 C until cytokine assays.
Experimental paradigm 2. This experiment was conducted
to determine the potency and eﬃcacy of JWH015 in the
production of pro- and/or anti-inﬂammatory factors by
keratinocytes and ﬁbroblasts. We constructed JWH015
dose–response curves using the following concentrations:
0.05, 0.1, 0.5 and 1 mM (dissolved JWH015 in 0.1%
DMSO, to total 1 mL). JWH015 and LPS were added
to the culture concomitantly (time 0). These studies were
performed at a given time following LPS stimulation,
and an incubation time point was chosen based on the
ﬁrst experimental design (24 h). Supernatants under these
conditions were collected at the chosen time point and
frozen at 80 C until pro- and anti-inﬂammatory products were measured.
Experimental paradigm 3. This experiment was conducted
to determine whether JWH015’s eﬀects on pro- and/or
anti-inﬂammatory products in keratinocytes or ﬁbroblasts were exerted through CB1 and/or CB2 receptor
activation. We aimed to block JWH015’s eﬀects with
either the CB1 receptor antagonist/inverse agonist,
AM281, or the CB2 receptor antagonist/inverse agonist,
AM630 (dissolved in 0.2% DMSO, to total 1 mL for
both AM218 and AM630). For either AM281 or
AM630, a concentration of 1 mM was utilized, which is
equivalent to the most eﬀective concentration tested for
JWH015. We have previously demonstrated that AM281
and AM630 at this concentration display an acceptable
level of speciﬁcity for CB1 (AM281) and CB2 (AM630)
receptors in in vitro cell cultures.13 The antagonist/
inverse agonist, LPS, and JWH015 were added to the
culture concomitantly (time 0).
These studies were performed at a given time following LPS stimulation, and an incubation time point
was chosen based on the ﬁrst experimental design
(24 h). We chose a given JWH015 concentration based
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on the second experimental design (1 mM). Supernatants
under these conditions were collected at the chosen time
point and frozen at 80 C until pro- and anti-inﬂammatory
products were measured.

was determined using the ddCt method, as previously
described.35

Enzyme-linked immunosorbent sandwich
assay analyses

This in vitro assay is widely used to study some functional aspects of keratinocytes and ﬁbroblasts in the
wound healing process.36–38 We conducted this experiment to determine whether the immunomodulatory
eﬀects of JWH015 on keratinocytes and ﬁbroblasts
aﬀect their migration capabilities.
Keratinocytes and ﬁbroblasts were cultured individually, as described previously, and co-cultured in Dermal
Cell Basal Medium for 24 h at 37 C in 5% CO2. The
scratch was created in the cell monolayer using a 10 mL
pipette tip. To make the scratch a consistent size, and to
allow further imaging follow-up, two marks were made at
the bottom of each well. The scratch was made between
these marks in all cases. The cellular debris was removed
(by replacing the media) then an LPS stimulus (10 mg/mL)
and the pharmacological treatment were added when
appropriate. The following groups were used: keratinocytes and ﬁbroblasts stimulated with LPS in the presence
or the absence of JWH015 (1 mM, 0.2% DMSO in PBS),
keratinocytes and ﬁbroblasts stimulated with LPS and
JWH015 (1 mM, 0.2% DMSO in PBS) in the presence
or in the absence of AM281 (CB1 receptor antagonist/
inverse agonist, 1 mM, 0.2% DMSO in PBS) or AM630
(CB2 receptor antagonist/inverse agonist, 1 mM, 0.2%
DMSO in PBS).
The migration capabilities of these cells to ﬁll the
scratch gap mimic a wound healing process.36,37 This
process was measured at base line (0 h), and at 4, 12,
17 and 24 h following the scratch. Six digital images
(5) per condition were taken at each time point in the
same area, next to a line of reference that was drawn
previously. Digital images were taken using a digital
camera attached to a microscope (Leica Microscope
Imaging Software, Leica Microsystems, Buﬀalo Grove,
IL). These images were processed with SigmaScan Pro
software (Systat Software Inc., San Jose, CA). For each
picture, the remaining gap of the scratch was masked,
and the number of pixels in that area was recorded.
Thus, the scratch gap at time 0 produced a consistently
higher number of pixels. The average value obtained for
the six images was used to determine the gap value of
each observation (six observations were made per
group). The values obtained in each condition were normalized with their respective baseline values at time 0, to
control for baseline variations.

The supernatant concentration of interleukin-6 (IL-6),
monocyte chemoattractant protein-1 (MCP-1), transforming growth factor-beta (TGF-b), tumor necrosis
factor-alpha (TNF-a), and IL-10 was measured with
commercial enzyme-linked immunosorbent sandwich
assay (ELISA) kits (human IL-6, human MCP-1,
human TGF-b, human TNF-a, and human IL-10
ELISA Ready-SET-Go!; eBioscience, San Diego, CA).
Sensitivity of the ELISA kits is as follows: 2 pg/mL for
human IL-6 and IL-10, 8 pg/mL for MCP-1, and TGF-b,
4 pg/mL for TNF-a. These assays were performed following the manufacturer’s instructions.

RNA isolation and quantitative RT-PCR
Cannabinoid receptor types 1 and 2 mRNA was determined 24 h following LPS stimulation in keratinocytes or
ﬁbroblasts. This time point was chosen based on the ﬁrst
experimental paradigm, described previously. Following
cell incubation, the cells were washed with 1 mL of icecold sterile PBS, collected using BL þ TG buﬀer (PBS
and 1-thioglycerol), and stored at 80 C until RNA isolation experiments. RNA was isolated from both types of
cells using Reliaprep RNA Cell Miniprep System
(Promega, Madison, WI) according to manufacturer’s
protocols.
The levels of mRNA were determined as described
previously.34 Brieﬂy, 1 mg of total RNA from each
sample was reverse transcribed into cDNA using Script
Reverse Transcription Supermix (BioRad, Hercules) in
the following conditions: 5 min at 25 C, 30 min at 42 C,
and 5 min at 85 C. We quantiﬁed the expression of CB1
(57 C), CB2 (57 C), and b-actin (57 C) using
SsoAdvanced Universal SYBR Green Supermix
(BioRad, Hercules, CA) in the following conditions: 1
cycle of 98 C for 30 s, 45 cycles of 98 C for 15 s, 30 s of
the primer-speciﬁc annealing temperature. The primers
for real-time (RT)-PCR are shown in the Supplementary
Table 1. All samples were run in duplicate using the
CFX96 Real-Time PCR system (Bio-rad, Hercules). A
melt curve analysis was performed between 65 C and
95 C in 0.5 intervals (5 s per interval). The expression
of mRNA for our molecules of interest was normalized
to the b-actin expression level. Then, the fold change of
the cannabinoid receptors was calculated using the
values of non-stimulated cells (control), which was
given a value equal to 1. The fold change of each gene

Scratch assay

Synthesis of compound JWH015
To test the pro- and anti-inﬂammatory eﬀects of a CB2
agonist, we utilized a commercially available formulation
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of JWH015 (Tocris Biosience, 155471-08-2, Ellisville,
MO). Our purpose was to identify whether CB2 receptor
agonists directly aﬀect the functionality of keratinocytes and ﬁbroblasts under inﬂammatory conditions.
Therefore, a minimal transdermal penetration and/or a
potential lipid depot eﬀect formation were desirable. For
our transdermal experiments, we synthesized JWH015 to
provide the quantities that are needed for transdermal
and topical testing.
The synthesis of JWH015 was performed in-house
according to the combined, modiﬁed procedures of and
Huﬀman and Dai39 and Bell et al.40 Brieﬂy, 2-methylindole
was N-propyl-substituted under strong, basic conditions
using 1-bromopropane to aﬀord the intermediate,
2-methyl-1-propylindole (Supplementary Figure 1). The
reaction mixture was puriﬁed by TLC grade ﬂash chromatography (1:19 ethyl acetate/hexanes) and the intermediate carried forward to the proceeding synthetic step.
The compound 2-methyl-1-propylindole was converted
to JWH015 through the addition of 1-naphthoyl chloride
under the appropriate Friedel-Crafts acylation conditions. The reaction mixture was puriﬁed by TLC grade
silica gel ﬂash chromatography (1:24 ethyl acetate/
toluene) and structurally characterized via 1H nuclear
magnetic resonance spectroscopy (NMR). The NMR
signals were identical to the published values, and
no impurities were detected. Elemental analysis of
JWH015 met the American Chemical Society standards
for purity (Anal. Calcd for C23H21NO: C, 84.37; H, 6.46;
N, 4.28. Found: C, 84.25; H, 6.54; N, 4.23). The ﬁnal
product in the free base form was a clear to light straw
colored viscous oil that appeared to demonstrate chemical instability upon exposure to light and/or air.
Samples were stored in the dark at 20 C under nitrogen
conditions following puriﬁcation until the time of use.

Ex vivo JWH015 skin permeability studies
The transdermal absorption of JWH015 was studied
utilizing porcine skin obtained from an abattoir
(Thompson’s Meat Market, Alexandria, AL). Modiﬁed
Franz diﬀusion cells (diﬀusional area: 0.64 cm2; receptor
volume: 5.1 mL; Permegear Inc., Riegelsville, PA) were
used as described previously.41 The receptor chamber
was ﬁlled with isotonic PBS at a pH of 7.4, maintained
at 37 C  0.5 C, and continuously stirred at 600 r/min.
Fresh porcine skin was secured in each of the diﬀusion cells
and was allowed to equilibrate for 30 min, while bathed in
PBS. Following equilibration, approximately 0.5 mL of the
respective formulation was placed on each cell.
The samples of porcine skin were incubated with
either 0.5 mL of mineral oil containing 5% JWH015 or
0.5 mL of the control vehicle containing mineral oil only.
The samples (300 mL) were taken from the receptor
chamber at 0.5, 1, 2, 3, 4, 5, 6, 12, and 24 h.
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The volume of each sample was immediately replaced
with fresh PBS following sample collection, as described
previously.41 Samples were stored at 80 C until further
analysis. The samples were analyzed using liquid chromatography-mass spectrometry (LC-MS). The drug concentration was measured and represented as mg/cm2.41

Porcine skin extractions of JWH015
After the 24-h time point in the skin permeability studies,
the porcine skin was collected to determine the amount
of drug present in each of the skin samples. The mass of
the porcine skin portion that was exposed to the formulation was resected, washed, and weight recorded.
The skin was then dissected and diluted with dichloromethane at a ratio of 1 g:10 mL. An OmniTHQ Digital
Tissue Homogenizer (Omni International, Kennesaw,
GA) was used to homogenize each skin sample. After
being mixed, 1 mL of supernatant was placed in an
Eppendorf tube and centrifuged at 11,000 r/min for
30 min (Fisher Scientiﬁc AccuSpin Micro 17, Germany).
The supernatant was collected and frozen at 80 C for
further LC-MS analysis. The drug concentration was
measured and represented as mg/g.42

LC-MS analysis of JWH015 for transdermal samples
All transdermal samples were spiked with 100 mL of an
approximately 2.5 ppb solution of deuterium-labeled
internal standard (JWH015-d7) obtained from Cayman
Chemical Co (Ann Arbor, MI). Samples were then
quantitatively transferred to LC autosampler vials and
capped. Standards were prepared with concentrations
ranging from 0.2 ppb to 10 ppb. Each standard solution
was spiked with 100 mL of the deuterium-labeled internal
standard, mentioned above.
The following are the parameters used for the LC analyses: Waters Acquity Classic binary pump; Column:
Chromegabond WR C18 3 mm particles 15 cm  2.1 mm
(ES Industries, West Berlin, NJ); Gradient: Solvent A:
Water with 0.1% formic acid; Solvent B: Acetonitrile
with 0.1% formic acid; Flow rate: 200 mL/min. The time
and composition used are as follows: 0 min, 25% B; 2 min,
25% B; 15 min, 100% B; 20 min, 100% B; 20.1 min,
25% B.
The following are the parameters used for the MS
analyses: Waters Quattro Premier XE triple quadupole
mass spectrometer; Ionization: positive ion electrospray.
The desolvation gas ﬂow was set to 700 L/h at a temperature of 350 C; the cone gas ﬂow was set to 15 L/h.
Collision gas was Ar set to 0.25 mL/min resulting in a cell
pressure of 3.3  103 mbar. The mass spectrometer was
operated in MRM mode, monitoring two transitions;
one for the analyte 328 m/z > 155 m/z and one for the
internal standard 335 m/z > 155 m/z. Each transition
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had a 100 ms dwell time with a 50 ms interchannel delay
and a 50 ms interscan delay. A cone voltage of 25 V was
set for both transitions. A collision energy of 20 eV was
used for both analyte and internal standard.
Levels of analyte in each sample were determined
using the internal standard method. A calibration was
generated by injecting three replicates of four standards.
Linear regression with 1/ weighting was used to produce the calibration curve.

LC-MS analysis of JWH015 for skin samples
All skin samples were blown down to dryness with a
gentle stream of nitrogen and reconstituted in 3 mL of
chloroform. Ten microliters of each sample were then
transferred to LC sample vials containing 1.5 mL acetonitrile and 200 mL of a 3 ppm internal standard solution.
Standards were prepared with concentrations ranging
from 50 ppb to 1.3 ppm. Each standard was spiked
with 200 mL internal standard as above.
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and signiﬁcance (0.05), as determined from previous
similar analyses.

Results
Cannabinoid receptors’ mRNA in LPS-stimulated
fibroblasts and keratinocytes
We determined the baseline expression of cannabinoid
receptors mRNA in keratinocytes and ﬁbroblasts at
24 h and after an LPS challenge. The LPS concentration
we used to produce cell activation was based on the
literature and on our previous pilot experiments.32,33
We used 5 mg/mL of LPS to stimulate ﬁbroblasts,
and 10 mg/mL of LPS to stimulate keratinocytes. We
observed that LPS stimulation produced a signiﬁcant
up-regulation of CB1 (Figure 1(a)) and CB2 (Figure 1(b))
mRNA in both keratinocytes and ﬁbroblasts, when compared to non-stimulated cells.

Statistical analysis

Cytokine expression in keratinocytes and fibroblast
after LPS challenge

All the statistical analyses were performed using
GraphPad Prism 6.01 (GraphPad Software Inc., La
Jolla, CA). Two-tailed unpaired t-tests and one- or
two-way ANOVAs followed by Bonferroni’s or
Dunnett’s post hoc were used as appropriate. A value
of 0.05 was considered as statistically signiﬁcant. Dose–
response curves were obtained using a non-linear regression ﬁtting method. The EC50 values were calculated
using normalized-response-variable hill slope function
to the data (Y ¼ 100/(1 þ 10(LogEC50-X)  Hill Slope).
The number of samples per group was based on the minimum number of data needed for statistical power (0.80)

We measured the cytokine concentration in cultures of
either keratinocytes or ﬁbroblast at diﬀerent time points
(4, 24, 48, 72 and 96 h) after an LPS challenge to determine the best time point to test the eﬀects of JWH015.
When we stimulated keratinocytes with 10 mg/mL of
LPS, we found a signiﬁcant increase in IL-6 from 4 to
96 h after stimulation. The levels of IL-6 peaked at 48 h
and remained at this level 72 and 96 h after LPS stimulation (Figure 2(a)). The levels of MCP-1 produced by
LPS-stimulated keratinocytes signiﬁcantly increased at
4 h and remained elevated until 96 h after LPS stimulation (Figure 2(b)). The concentration of TGF-b from

Figure 1. Expression of CB1 and CB2 receptors in human keratinocytes or fibroblasts following LPS stimulation. Quantification of CB1
(a) and CB2 (b) mRNA expression in LPS-stimulated keratinocytes or fibroblasts. The gene expression of CB1 or CB2 was normalized to
the respective levels of b-actin in each sample and then calculated as fold change against the control group (non-stimulated cells), which was
assigned a value equal to 1. Data shown are means  SD; n ¼ 5–6 samples. *P < 0.05 vs. non-stimulated cells using Student’s t-test. LPS:
lipopolysaccharide; CB1: cannabinoid receptor 1; CB2: cannabinoid receptor 2.
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Figure 2. Effect of LPS in cytokine concentration in primary human fibroblast or keratinocyte cultures. Quantification of IL-6 (a and d),
MCP-1 (b and e) and TGF-b (c and f) from supernatants of keratinocytes or fibroblasts (respectively) stimulated with LPS (10 and 5 mg/mL,
respectively). Each bar represents the mean  SD of 6 samples. *P < 0.05 vs. 0 h by using One-way ANOVA followed by Dunnett’s post hoc
test. LPS: lipopolysaccharide; IL-6: interleukin-6; MCP-1: monocyte chemoattractant protein-1; TGF-b: transforming growth factor-beta.

LPS-stimulated keratinocyte culture increased from 24
to 96 h after stimulation, peaking at 48 h (Figure 2(c)).
Fibroblasts that were stimulated with 5 mg/mL of LPS
displayed an increase in IL-6 concentration from 4 h to
96 h. The maximum amount of IL-6 in ﬁbroblasts was
found at 24 h after LPS stimulation (Figure 2(d)). The
levels of MCP-1 produced by LPS-stimulated ﬁbroblast
increased from 24 to 96 h and reached its highest concentration at 96 h after LPS stimulation (Figure 2(e)). The
levels of TGF-b produced by LPS-stimulated ﬁbroblasts
signiﬁcantly increased at 24 h and remained stable until
96 h after LPS stimulation (Figure 2(f)). We did not
detect IL-10 or TNF-a in either keratinocytes or ﬁbroblasts; the concentrations of these cytokines were below
the sensitivity level of the ELISA kits used.
Based on these results, we tested the eﬀects of
JWH015 at 24 h after LPS stimulation in both keratinocytes and ﬁbroblasts. We decided to test at 24 h of incubation because LPS consistently produced eﬀects in all
the detected cytokines at this time point.

The effects of JWH015 on LPS-stimulated
keratinocytes and fibroblast
Keratinocytes and ﬁbroblasts were stimulated with LPS
and treated, concomitantly, with diﬀerent concentrations
of either JWH015 (0.05, 0.1, 0.5, and 1 mM) or its vehicle
control (0.1% DMSO in saline) for 24 h. As previously
reported, LPS induced an increase in IL-6, MCP-1, and
TGF-b in both keratinocytes and ﬁbroblast (Figure 3,
gray bars).

When JWH015 was added to LPS-stimulated keratinocytes, we observed a signiﬁcant decrease in IL-6
(Figure 3(a)). The percent eﬀect curve of JWH015 for
IL-6 concentration in keratinocytes is displayed in
Figure 4(a).
When JWH015 was added to LPS-stimulated keratinocytes, we observed a signiﬁcant decrease in MCP-1.
This eﬀect was concentration dependent (Figure 3(b)).
The percent eﬀect curve of JWH015 for MCP-1 concentration in keratinocytes is displayed in Figure 4(b).
Keratinocytes stimulated with LPS and, concomitantly, treated with JWH015 displayed elevated levels
of TGF-b compared to the vehicle control group. This
eﬀect was concentration dependent (Figure 3(c)) and
consistent with an anti-inﬂammatory eﬀect. The percent
eﬀect curve of JWH015 for TGF-b concentration in
keratinocytes is displayed in Figure 4(c). The minimum
eﬀective dose, eﬃcacy, and potency of JWH015 for all
these factors in keratinocytes are displayed in Table 1.
We determined that the addition of LPS alone
(87.95  1.8% of viable cells) or LPS with JWH015
(88.9  1.3% of viable cells) did not produce any signiﬁcant cytotoxicity in keratinocytes when compared to
non-stimulated cells (92.2  1.8% of viable cells).
Fibroblasts stimulated with LPS and treated with
JWH015 for 24 h exhibited a concentration-dependent
decrease in IL-6 (Figure 3(d)). The percent eﬀect curve
of JWH015 for IL-6 concentration in keratinocytes is
displayed in Figure 4(d).
When JWH015 was added to LPS-stimulated ﬁbroblasts, we observed a signiﬁcant, concentration-dependent
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Figure 3. Effects of JWH015 in cytokines produced by keratinocytes or fibroblasts challenged with LPS. Quantification of IL-6 (a and d),
MCP-1 (b and e) and TGF-b (c and f) in keratinocytes or fibroblasts (respectively) stimulated with LPS (10 and 5 mg/mL, respectively) for
24 h and treated with increasing concentrations of JWH015. Each bar represents the mean  SD of 6 samples. #P < 0.05 vs. non-stimulated
cells, þP < 0.05 vs. control group (LPS þ vehicle) using One-way ANOVA followed by Dunnett’s post hoc test. *P < 0.05 between connected groups using One-way ANOVA followed by Tukey’s post hoc test. Lipopolysaccharide; IL-6: interleukin-6; MCP-1: monocyte
chemoattractant protein-1; TGF-b: transforming growth factor-beta.

decrease in MCP-1 (Figure 3(e)). The percent eﬀect curve
of JWH015 for MCP-1 concentration in keratinocytes is
displayed in Figure 4(e).
Fibroblasts stimulated with LPS and, concomitantly,
treated with 1 mM of JWH015 displayed an increase of
TGF-b (Figure 3(f)). The percent eﬀect curve of JWH015
for TGF-b concentration in keratinocytes is displayed in
Figure 4(f). The minimum eﬀective dose, eﬃcacy, and
potency of JWH015 for all these factors in ﬁbroblasts
are displayed in Table 1.
We determined that the addition of LPS alone (88.1 
2.1% of viable cells) or LPS with JWH015 (86.9  5.5%
of viable cells) did not produce any signiﬁcant cytotoxicity in ﬁbroblasts when compared to non-stimulated
cells (92.3  1.7% of viable cells).
Based on these results, we decided to use 1 mM of
JWH015 to test the involvement of CB1 and CB2 receptors on the eﬀects of JWH015.

Blockade of JWH015’s effects using CB1 and CB2
antagonist/inverse agonists
Keratinocytes or ﬁbroblasts were stimulated with LPS
and concomitantly incubated with JWH015 (1 mM)
alone, JWH015 (1 mM) þ AM281 (1 mM), or JWH015

(1 mM) þ AM630 (1 mM). Cytokine release was 24 h
after the addition of the drugs, since JWH015 consistently produced an anti-inﬂammatory phenotype at this
time point. As previously shown, we observed that the
addition of LPS increased the concentration of IL-6,
MCP-1, and TGF-b in both keratinocytes and ﬁbroblasts incubated for 24 h (gray bars, Figure 5).
The concentration of IL-6 was signiﬁcantly reduced
by the addition of JWH015 to LPS-stimulated keratinocytes. This eﬀect of JWH015 on IL-6 was completely
blocked by AM630, and partially blocked by AM281
(CB2 and CB1 antagonist/inverse agonist, respectively;
Figure 5(a)). Similarly, the concentration of MCP-1
was signiﬁcantly decreased by JWH015 when added to
LPS-stimulated keratinocytes, as described before. This
decrease of MCP-1 induced by JWH015 was blocked by
AM630 (CB2 antagonist/inverse agonist), but not by
AM281 (CB1 antagonist/inverse agonist; Figure 5(b)).
The addition of JWH015 to LPS-stimulated keratinocytes
increased the concentration of TGF-b, as previously
shown, and this eﬀect was blocked by either AM630 or
AM281 antagonists/inverse agonists (Figure 5(c)).
The concentration of IL-6 was signiﬁcantly reduced
by the addition of JWH015 to LPS-stimulated ﬁbroblasts. This eﬀect of JWH015 on IL-6 was completely
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Figure 4. Percent of the effect of JWH015 in cytokines produced by keratinocytes or fibroblasts challenged with LPS. Concentrationresponse curves for IL-6 (a and d), MCP-1 (b and e) and TGF-b (c and f) in keratinocytes or fibroblasts (respectively) stimulated with LPS
(10 and 5 mg/mL, respectively) for 24 h and treated with JWH015. Each bar represents the mean  SD of 6 samples. LPS: lipopolysaccharide;
IL-6: interleukin-6; MCP-1: monocyte chemoattractant protein-1; TGF-b: transforming growth factor-beta.

Table 1. Effective concentration 50 (EC50), percentage of efficacy and minimum effective concentration
(MEC) of JWH015 in keratinocytes and fibroblast stimulated with LPS.
EC50 (mM)
Cytokine
IL-6
MPC-1
TGF-b

Efficacy (%)

MEC (mM)

Keratinocytes

Fibroblasts

Keratinocytes

Fibroblasts

1.02  0.01
1.86  0.04
0.19  0.17

0.66  0.08
1.24  0.04
0.60  0.02

56.67  10.63
31.61  5.99
66.56  14.64

58.9  7.61
45.84  3.84
54.62  17.15

Keratinocytes

Fibroblasts

1
0.5
1

0.5
0.1
1

Note: For the conditions in which the 50% effect of JWH015 was not completely reached the EC50 was calculated by
extrapolation. EC50: effective concentration 50; MEC: minimum effective concentration; IL-6: interleukin-6; MCP-1:
monocyte chemoattractant protein-1; TGF-b: transforming growth factor-beta.

blocked by AM630 or AM281 antagonists/inverse agonists (Figure 5(d)). Similarly, the concentration of MCP-1
was signiﬁcantly decreased by JWH015 when added to
LPS-stimulated ﬁbroblasts. This decrease of MCP-1
induced by JWH015 was blocked by either AM630 or
AM281 antagonists/inverse agonists (Figure 5(e)). The
addition of JWH015 to LPS-stimulated ﬁbroblasts
increased the concentration of TGF-b, as previously
shown, and this eﬀect was blocked by either AM630 or
AM281 antagonists/inverse agonists (Figure 5(f)).

These ﬁndings suggest that the eﬀects of JWH015 are
mainly mediated by CB1 and CB2 receptors, except for
the decrease of MCP-1 in keratinocyte that is predominantly induced via CB2 receptors.

Effects of JWH015 in an in vitro model of wound
healing
Given that JWH015 showed a prominent anti-inﬂammatory eﬀect, and, speciﬁcally, induced an increase in TGF-b
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Figure 5. Blockade of JWH015’s effects in cytokines produced by keratinocytes or fibroblasts by CB1 or CB2 receptor antagonist/
inverse agonist. Concentrations of IL-6 (a and d), MCP-1 (b and e) and TGF-b (c and f) in keratinocytes or fibroblast (respectively)
stimulated with LPS (10 and 5 mg/mL, respectively) and concomitantly incubated with 1 mM of JWH015 alone, JWH015
(1 mM) þ AM281 (1 mM, CB1 antagonist/inverse agonist) or, JWH015 (1 mM) þ AM630 (1 mM, CB2 antagonist/inverse agonist). Each bar
represents the mean  SD of six samples. #P < 0.05 vs. non-stimulated cells, þP < 0.05 vs. control group (LPS þ vehicle) using Oneway ANOVA followed by Dunnett’s post hoc test. *P < 0.05 between connected groups using One-way ANOVA followed by Tukey’s
post hoc test. LPS: lipopolysaccharide; IL-6: interleukin-6; MCP-1: monocyte chemoattractant protein-1; TGF-b: transforming growth
factor-beta.

(a well-documented pro-wound healing factor), we investigated whether JWH015 plays any role in the scratch
assay model (in vitro) of wound healing. The co-culture
of ﬁbroblasts and keratinocytes was challenged with
10 mg/mL of LPS and, concomitantly, exposed to the
following conditions: LPS þ vehicle (0.2% DMSO in
PBS), LPS þ 1 mM of JWH015 alone, LPS þ 1 mM of
JWH015 þ 1 mM of AM281 (CB1 antagonist/inverse
agonist), and LPS þ 1 mM of JWH015 þ 1 mM of
AM630 (CB2 antagonist/inverse agonist). All data were
normalized to the control time point for all groups, 0 h, to
control for baseline variations and the percent of gap closure was determined. In unpublished data, we have
observed that the gap closure of the scratch in keratinocytes and ﬁbroblasts in co-culture is approximately
23–45% at 17 and 19 h (preliminary data).
We observed that the scratch in keratinocytes and
ﬁbroblasts in co-culture was 24–27% closed in the
LPS þ vehicle group at 17 - and 24-h time points, respectively. When JWH015 and LPS were simultaneously
added to the co-culture, the scratch gap was 36–40%
closed at 17 - and 24-h time points, respectively
(Figure 6). Interestingly, the addition of JWH015 to
the co-culture wound produced a faster and more

eﬃcient closure of the scratch width when compared
with the LPS control group at 12, 17, and 24 h after
LPS addition (Figure 7). Either AM281 or AM630
blocked this eﬀect produced by JWH015 at 12, 17, and
24 h after the scratch (Figure 7). These ﬁndings suggest
that the wound healing eﬀects, as many of the cytokine
modulation, induced by JWH015 in the scratch assay
model is modulated via CB1 and CB2 receptors.
We determined that the addition of LPS alone
(88.3  1.1% of viable cells) or LPS with JWH015
(91.7  2.3% of viable cells) did not produce any signiﬁcant cytotoxicity in co-cultured keratinocytes and
ﬁbroblasts when compared to non-stimulated cells
(91.6  1.2% of viable cells).

Transdermal and topical delivery of JWH015
in porcine skin
We determined the ability of JWH015 to reach keratinocytes and ﬁbroblasts when applied to the skin by measuring its topical and transdermal penetration in an ex vivo
porcine skin model.
The samples of porcine skin were incubated with
0.5 mL of mineral oil containing 5% JWH015 or
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Figure 6. Representative photomicrographs showing the wound closure time course. The scratch assay was performed in LPS-stimulated
keratinocytes and fibroblast co-cultures in the presence or the absence of JWH015 (1 mM) with or without a CB1 (AM281, 1 mM) or CB2
(AM630, 1 mM) antagonist/inverse agonist.

0.5 mL control vehicle containing mineral oil only. The
samples were taken at 0, 0.5, 1, 2, 3, 4, 5, 6, 12 and 24 h
after the addition of the drug. The samples were analyzed by LC-MS to detect the amount of JWH015 that
had passed through the skin to reach the receptor compartment. The transdermal concentration (delivery) of
JWH015 was only signiﬁcantly higher at 3 h, the time
in which the transdermal concentration of JWH015
peaked in our system (73.62  0.05 ng/cm2). The transdermal JWH015 concentrations were not signiﬁcantly
diﬀerent at any other time point tested, and remained
lower than 34.92  0.04 ng/cm2 (Figure 8).
We evaluated the retention of JWH015 in porcine skin
24 h after its topical delivery. High levels of the drug
were retained in the skin tissue under our conditions.
The average tissue concentration of JWH015 was
881  191 mg/g in the drug-treated tissues, which was
signiﬁcantly higher in comparison to the control (vehicle)
group (Figure 9).

Discussion
The major ﬁndings of our studies are: (1) The addition of
an inﬂammatory stimulus (i.e. LPS) to primary human
keratinocytes and ﬁbroblasts induced an increase in the
expression of CB1 and CB2 receptors at the mRNA
level; (2) JWH015 reduced the concentration of major
pro-inﬂammatory factors (i.e. IL-6 and MCP-1) and
enhanced the concentration of a major anti-inﬂammatory factor (i.e. TGF-b) in primary human keratinocyte
and ﬁbroblast cultures; (3) JWH015 induced a more
eﬃcient in vitro wound healing process in primary
human keratinocytes and ﬁbroblasts co-cultures; (4) the
immunomodulatory and pro-wound healing eﬀects of
JWH015 were promoted mostly through both CB1 and
CB2 receptors; and (5) JWH015 administered transdermally is mostly retained in the skin and displays a sustained and low transdermal distribution. Our ﬁndings
oﬀer data that support the use of cannabinoids to
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Figure 9. Retention of JWH015 on pig tissue. Quantification of
JWH015 in pig skin tissues incubated with JWH015 for 24. Data
shown are means  SD; n ¼ 3–6 samples. *P < 0.05 vs. vehicle
using Student’s t-test.

Figure 7. Effect of JWH015 in the in vitro scratch assay.
Quantification of gap closure represented as percentage in a
wounded (scratch) co-culture of keratinocytes and fibroblast in the
presence or the absence of LPS (10 and 5 mg/mL, respectively) and
with LPS with 1 mM of JWH015 with or without a CB1 (AM281) or
CB2 (AM630) antagonist/inverse agonist. Data shown are
means  SD; n ¼ 5–6 samples. þ P < 0.05 vs. control group
(LPS þ vehicle), *P < 0.05 vs. LPS þ JW015 using Two-way ANOVA
with repeated measures followed by Tukey’s post hoc test. LPS:
lipopolysaccharide.

Figure 8. Transdermal delivery of JWH015 in an ex vivo model.
Quantification of JWH015 by from samples taken at 0, 0.5, 1, 2, 3,
4, 5, 6, 12 and 24 h after the addition of JWH015 or vehicle on pig
skin tissue mounted in Franz cells. Data shown are means  SD;
n ¼ 5 samples. *P < 0.05 vs. 0 h using One-way ANOVA followed
by Dunnett’s post hoc test.

target skin cells for the treatment of peripheral inﬂammatory conditions.
In accordance with previous observations in keratinocytes43 and ﬁbroblasts,44 our data indicate that the

cannabinoid system in skin cells is positively regulated
on demand (under pathological conditions), as it has
been described in other systems.13,45,46 Therefore, cannabinoid receptors in keratinocytes and ﬁbroblasts are suitable targets under pathological inﬂammatory conditions.
The immunomodulatory eﬀects displayed by JWH015
in human keratinocytes and ﬁbroblasts are in line with its
eﬀects on cytokine production in other cells of the
immune system, such as macrophages,47 lymphocytes,48
or microglia.13 The reduction of IL-6 and IL-8 by cannabinoid receptor activation has been previously shown
in human synovial-like ﬁbroblasts stimulated with IL-1b
using non-selective cannabinoids.29 These compounds
have been associated in vivo with psychotropic side
eﬀects.49,50 Similarly, anandamide (AEA) decreases
MCP-1, IL-6, and IL-8 in LPS-stimulated gingival ﬁbroblasts and those eﬀects are mediated by both CB1 and
CB2 receptors.44 JWH015, which is a relatively low
potency preferential CB2 agonist with a Ki of 13.8 nM
for CB2 and 383 nM for CB1, has been shown to be
eﬀective in reducing pain-related behaviors and modulating inﬂammatory responses in the spinal cord without
inducing psychotropic eﬀects even when administered
intrathecally.18,19 These data together suggest that cannabinoids with relatively low potency (at least through
CB1 receptors) are devoid of the central side eﬀects associated with potent cannabinoids; yet, this low potency is
suﬃcient to induce an anti-inﬂammatory phenotype in
skin cells.
All these pro- and anti-inﬂammatory factors are pivotal in the generation and resolution of inﬂammation
and tissue repair in a variety of inﬂammatory or painful
conditions. Interleukin-6 is quickly detected in response
to injury and its increase is correlated with the degree of
tissue damage.51 Increased IL-6 levels have been reported
following surgeries and burns and are correlated with
the development of postoperative pain.52–54 Likewise,
MCP-1 release is increased in the early stages of tissue
repair after injury55 and exerts its main eﬀects through
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the recruitment of cells to the site of the injury.56 MCP-1
has an important role in early stages of the healing
process,55,57 and it is correlated with pain in patients
with temporomandibular disorders58 and ﬁbromyalgia.59
Peripheral MCP-1 is important in a mice model of
chronic neuropathic pain.60
Keratinocytes and ﬁbroblasts are also able to produce
pro-wound healing factors, such as TGF-b. This antiinﬂammatory molecule mediates the restoration of
homeostasis following tissue injury61,62 and is necessary
for proper wound healing.63 Interestingly, the local
administration of recombinant TGF-b into mouse hind
paws reduces mechanical hyperalgesia in a murine model
of neuropathic pain.64 Our ﬁndings indicate that the
increase in TGF-b from skin cells induced by JWH015
could explain at least in part the improved wound healing process observed in our studies. Accordingly, the
activation of both CB1 and CB2 receptors has been
shown to improve the wound closure in the scratch
assay using single cell cultures of human gingival ﬁbroblasts.65 Furthermore, it seems that the activation of
CB2 receptors reduces the ﬁbrotic formation in a
wound model in mice through the modulation of TGFb in late stages of the wound healing process.66 This antiﬁbrotic eﬀect mediated by CB2 receptor activation has
been conﬁrmed in CB2 receptor knockout mice studies.67
On the other hand, CB1 receptors activation promotes a
ﬁbrotic response in mice.68 In fact, it seems that CB1 and
CB2 receptors possess opposite eﬀects in some skin cell
functions, such as in epidermal permeability in a mouse
model.69
These data together suggest that the activation of cannabinoid receptors in skin cells may be particularly
attractive to modulate the inﬂammatory process,
reduce pain and promote a more eﬃcient tissue repair
in post-surgical or post-burn conditions.
JWH015 or other cannabinoids display diﬀerential
receptor dependence for the modulation of diﬀerent cellular functions.13,19,30,47,48 However, it is clear that the
eﬀects of JWH015 at concentrations 41 mM in human
skin cells are anti-inﬂammatory and non-selective to CB1
or CB2 receptors, while its eﬀects in macrophages,
lymphocytes, and the CNS (at least in rodents) seem to
be mediated mainly via CB2 receptors. This intriguing
feature could represent an advantageous property for
this type of compounds since a dual CB1/2 receptor
activity could provide a wider spectrum of beneﬁcial
eﬀects in skin cells when administered locally, while
they will be devoid of CB1-dependent central side eﬀects
if they reach systemic and central distribution.
Peripheral administered therapies are getting increasing attention for conditions with predominantly peripheral inﬂammatory mechanisms, such as psoriasis,
arthritis, postoperative pain, burns, etc. Most of the
attention has been paid to the modulation of peripheral
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immune cells. However, there is mounting evidence that
demonstrates skin cells could play a prominent role in
many states with peripheral inﬂammation. Since these
cells are readily accessible, they represent ideal drug
targets, as demonstrated in our topical/transdermal ex
vivo system. Whereas hydrophobic and macromolecules
are poorly permeable to skin, lipophilic compounds possess a better proﬁle for topical or transdermal delivery.
Using our ex vivo system, we determined the high logP
of JWH015 to be 5.18, as predicted by ChemDraw
Software (Perkin Elmer, Wlatham, MA), conﬁrming
the hydrophobic nature of the compound. This is in
agreement with the low amount of JWH015 that
passed across the ﬂow-through diﬀusion cell system
and the high concentrations of the compound that was
retained in the skin. This is in accordance with other
drugs with high logP (fentanyl, logP 4.05) that form a
depot in skin.70 In our system, we used porcine skin,
which has been extensively used for transdermal delivery
studies for other drugs due to the similarities to human
skin with regard to lipid composition and subcutaneous fat content.42,71 It has been shown that intact
human skin (stratum corneum) exhibits a certain level
of resistance to the diﬀusion of the cannabinoid
delta(9)-tetrahydrocannabinol (delta(9)-THC) in propylene glycol:water:ethanol (9:1:0.4).72 Our data are in
agreement with previous studies which demonstrated
that delta(8)-THC possess the same transdermal permeability in human skin and guinea pig skin in vitro.73
Similarly, it has been shown that both WIN 55212-2
and CP55940 (synthetic cannabinoids) are very permeable through human skin in an in vitro system, in which
WIN55212-2 displays a more rapid transdermal diﬀusion and higher deposition concentration in skin than
CP55940.74 The skin depot eﬀect observed with
JWH015 in our studies could be reduced under in vivo
conditions due to the presence of the vasculature and
blood circulation, and/or by diﬀerent solvents or vehicles. However, our data indicate that keratinocytes and
ﬁbroblasts would be exposed to the drug for relatively
long periods of time. This feature is clinically relevant
not only for the eﬀects observed in our study but also for
the implications in terms of administration frequency
and patient compliance in clinical settings.

Conclusions
Selective CB2 receptor agonists have displayed promising results in animal pre-clinical models, however they
have yielded disappointing results in small clinical studies (capsaicin-induced pain model and tooth extraction
pain). A possible explanation for this lack of translatability from the bench to the bedside is the diﬀerential
molecular or cellular functions or mechanisms between
rodents and humans. The use of human primary skin
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cells confers a high translational value to our studies, as
suggested in studies that have demonstrated that human
and rodent cells respond diﬀerently to stimuli and to
drugs (i.e. propentofylline, a glial modulator).18
Together, our data demonstrate that human keratinocytes and ﬁbroblasts are ideal targets to cannabinoids
for the treatment of conditions with predominantly peripheral inﬂammatory or injured tissue pathophysiological mechanisms. Cannabinoid agonists seem to be
suitable to target skin cells due to their high lipophilic
nature. Direct actions on keratinocytes and ﬁbroblasts
through CB1 and CB2 receptors will promote an antiinﬂammatory, yet pro-tissue repair phenotype. These
eﬀects could also provide beneﬁcial eﬀects in conditions
accompanied by pain (burns, postoperative pain, arthritis, war wounds, etc.). Our ﬁndings set the foundation
for testing this hypothesis using co-cultures with other
immune cells such as macrophages and in vivo models of
inﬂammation or tissue injury. This would set the foundation for more informed clinical trials.
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